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ABSTRACT
In many astrophysical environments the plasma is only partially ionized, and therefore the interaction
of charged and neutral particles may alter both the triggering of reconnection and its subsequent
dynamical evolution. We derive the tearing mode maximum growth rate for partially ionized plasmas
in the cases of weak and strong coupling between the plasma and the neutrals. In addition, critical
scalings for current sheet aspect ratios are presented in terms of Lundquist number and ion-neutral
collision frequencies. In the decoupled regime the standard tearing mode is recovered with a small
correction depending on the ion-neutral collision frequency; in the intermediate regime collisions
with neutrals are shown to stabilize current sheets, resulting in larger critical aspect ratios for ideal
tearing to occur. Nonetheless, the additional electron-neutral collisions, hidden in the definition of the
Lundquist number, can shrink the critical aspect ratios below the fully ionized case. In the coupled
regime, the growth rate depends on the density ratio between ions and neutrals through the collision
frequency between these two species. These provide critical aspect ratios for which the tearing mode
instability transitions from slow to ideal, that depend on the neutral-ion density ratio.
1. INTRODUCTION
Magnetic reconnection is considered to be an impor-
tant dynamical mechanism in a variety of astrophysi-
cal plasmas (Zweibel and Yamada 2009; Yamada et al.
2010). Without magnetic reconnection, stars and accre-
tion disks would not have coronae, magnetic dynamos
would not work, and there would most probably be no
supersonic solar wind e.g. (Zweibel and Yamada 2009;
Yamada et al. 2010). A complete understanding of mag-
netic reconnection in astrophysical settings therefore re-
quires explaining how energy accumulates in the mag-
netic field, how current carrying fields becomes unsta-
ble, and how magnetic energy release occurs on short
timescales once the reconnection process has been trig-
gered. One of the major difficulties in understanding
magnetic reconnection in astrophysical plasmas stems
from the fact that classical models of reconnection,
starting from the steady state Sweet-Parker mechanism
(Parker 1957; Sweet 1958), or the non-steady, resistive in-
stabilities (Furth et al. 1963), appeared to be inadequate
to explain the observed, transient and explosive release
of magnetic energy. More recently, the thin Sweet-Parker
current sheets have been shown to be unstable to a fast
tearing instability (Biskamp 1986; Shibata and Tanuma
2001; Loureiro et al. 2007). Pucci and Velli (2014) (here-
after PV14) showed that, in a resistive framework, cur-
rent sheet inverse aspect ratios scaling as a/L ∼ S−1/3,
separates slowly evolving systems from ones that are so
unstable they should never form. In the expression a is
the thickness and L is the length of the current sheet,
S = LVA/ηm, with ηm the magnetic diffusivity, is the
Lundquist number. They called this regime Ideal Tear-
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ing (IT hereafter). This scaling was confirmed in numer-
ical simulations by Landi et al. (2015); Tenerani et al.
(2015b); Landi et al. (2017); Huang et al. (2017), and ex-
tended to recursive reconnection and general plasmoid
number scalings by Singh et al. (2019).
Additional effects, such as kinetic effects, could be also
become important (Singh et al. 2015; Del Sarto et al.
2016; Pucci et al. 2017). There are also environments
(e.g. solar photosphere and solar chromosphere, solar
filaments/prominences, the interstellar medium, dense
molecular clouds, protoplanetary discs) where the astro-
physical plasmas undergoing reconnection are only par-
tially ionized (see e.g. Ballester et al. (2018)). The ion-
ization degree depends upon the electron-neutral and the
electron-ion collision frequencies (Alfve´n (1960)), while
the resulting drag force acting on each species must sat-
isfy momentum conservation for the whole plasma. This
means that depending on the ratio between the density
of the ions and neutrals (or electrons and neutrals, if
their collisions are not negligible), the associated colli-
sion frequencies may establish additional characteristic
times scales of the system. Depending on the strength of
the coupling between ion and neutrals and the dynami-
cal times of magnetic reconnection, the reconnection rate
can be affected. There are a number of theoretical stud-
ies on tearing mode instability that show the dependence
of the growth rate of the instability on ion-neutral colli-
sions (Zweibel (1989); Zweibel et al. (2011); Singh et al.
(2015)).
Multi-fluid MHD simulations show that, as a result
of current sheet thinning and elongation, a critical
Lundquist number Sc, is reached in a partially ion-
ized plasma, at which point plasmoid formation starts
(Leake et al. (2012, 2013)). In such multi-fluid simu-
lations, during the current sheet thinning, a stage is
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reached where the neutrals and ions decouple, and a re-
connection rate faster than the single-fluid Sweet-Parker
prediction is observed. The ion and neutral outflows are
well coupled in the multi-fluid MHD simulations in the
sense that the difference between ion and neutral out-
flow is negligible compared to the magnitude of the ion
outflow. Assuming incompressibility and the same pres-
sure gradient for ion and neutrals, in a reduced MHD
frame, Zweibel (1989) calculated the growth rate of the
classic tearing instability in the so called constant-psi
regime (Furth et al. 1963). In this paper, starting from
the model described in Zweibel (1989), we calculate the
maximum growth rate for the tearing mode instability in
partially ionized plasmas, assuming as a primary source
of drag the collisions between ions and neutrals (retain-
ing Coulomb collisions between ions and electrons). We
calculate the scaling of the growth rate depending on the
coupling, the relative speed of collisions and the growth
rate itself. Then, applying the IT criterion, we find, for
each regime, the scaling of the critical aspect ratio for
which the growth rate depends neither on the Lundquist
number, nor the density ratios.
2. TEARING MODES IN A PARTIALLY IONIZED PLASMA
Consider a one-dimensional current sheet structure in
which the magnetic field reverses sign
~B(y) = B(y)ˆi = B0F
(y
a
)
iˆ, (1)
where B0 is the asymptotic amplitude of the field, F is
an arbitrary odd non-dimensional function, whose first
derivative provides the current profile. A specific exam-
ple is given by the Harris current sheet F = tanh(y/a).
The dispersion relation for the reconnecting tearing in-
stability depends, in the resistive magnetohydrodynam-
ics (MHD) framework, on the magnetic diffusivity η, the
shear-scale a defining the current sheet thickness, the
wavenumber ka. As discussed in Del Sarto et al. (2016);
Pucci et al. (2018) for general equilibrium profiles, speci-
fying the function F results in a different dependence on
the wavenumber ka. This arises from the fact that at
large Lundquist number two regions define the solution
structure: a boundary layer of thickness 2δ around the
center (y = 0) of the current sheet, and outer regions
where diffusivity and growth rate may be neglected. Such
outer solutions lead to a discontinuity of the first deriva-
tive of the perturbing magnetic field at the neutral point
(regularized by diffusion in the inner layer): the jump in
the gradient of the reconnecting field component is called
∆′. Two asymptotic expressions summarize the disper-
sion relation, depending on whether ∆′δ/a ≪ 1 (small
Delta prime or ∆′, subscript SD), where
γ
SD
τ¯A ≃ A
4
5 k¯
2
5 (∆′)
4
5 S¯−
3
5 δ
SD
/a ∼ (S¯k¯)−
2
5 (∆′)
1
5 ,
(2)
where A is a non-dimensional constant, or ∆′δ/a ≫ 1
(large Delta prime or ∆′, subscript LD)
γ
LD
τ¯A ≃ k¯
2
3 S¯−
1
3 δ
LD
/a ∼ (S¯k¯)−
1
3 , (3)
in which case the growth rate no longer depends explic-
itly on ∆′ (Del Sarto et al. 2016). Here, barred quanti-
ties are normalized to the current sheet thickness (τ¯A =
a/VA, k¯ = ka, S¯ = aVA/ηm). The expressions above
may be used to find the scaling of the fastest growing
mode by assuming that both relations remain valid at
the wave-number of maximum growth km(S¯) for suffi-
ciently large S¯. For the Harris current sheet for which
∆′ ∼ 2/ka this implies
γτ¯A ∼ S¯
−
1
2 ,
δ
a
∼ S¯−
1
4 , kma ∼ S¯
−
1
4 . (4)
The relation for the “ideal” tearing or (IT) instability,
i.e. for an instability where the growth rate survives in-
dependently of the Lundquist number in the ideal limit
(Pucci and Velli 2014), is obtained by rescaling the dis-
persion relation to the current sheet length rather than
the thickness
γτA ∼ S
−
1
2
( a
L
)
−
3
2
. (5)
Assuming an inverse aspect ratio of the form a/L ∼ S−α,
any value of α < 1/3 leads to a divergence of growth rates
in the ideal limit, while any value of α > 1/3 leads to
growth rates which tend to zero as the Lundquist number
grows without bound (Pucci and Velli 2014). This result
is very general: any additional effect, such as viscosity
(Tenerani et al. 2015a), Hall current (Pucci et al. 2017),
will result in a different critical aspect ratio scaling at
which fast reconnection is triggered.
2.1. Modifications due to ion-neutral interactions
In a partially-ionized plasma, the effect of electron-
neutral and the electron-ion collisions on the plasma dy-
namics is the generation of an Ohmic type diffusion. In
the presence of three different species undergoing colli-
sions, the single fluid description may apply in the par-
tially ionized limit, with an appropriately modified mag-
netic induction equation.
Considering three different species (electrons, ions and
neutrals) the momentum conservation for each of the
three species may be written separately, including inter-
species collision terms, neglecting ionization and recom-
bination effects. In Zweibel (1989) the Coulomb colli-
sions between ions and electrons reflect in an Ohmic dif-
fusion coefficient in the induction equation that remains
the same as in the fully ionized case. We notice here
that, as shown in Singh and Krishan (2010) the actual
value of the resistivity is enhanced if the electron neutral
collisions are taken into account, but the Ohmic resistiv-
ity is substantially calculated in the same way, yielding
a magnetic diffusivity:
ηm =
c2
ω2pe
(νei + νen) (6)
where ωpe is the electron plasma frequency, the electron
ion and electron neutral collision frequencies are νei,en
and c is the speed of light. In Zweibel (1989) the inter-
action of the plasma with neutrals occurs through ion-
neutral collisions, while electron neutral collisions are not
taken into account. In this way, the tearing equation for
the momentum conservation of ion and neutrals com-
bined writes (primes denote derivatives with respect to
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the a-scaled variable y/a):
(γτ¯Ai)
2
(
1 +
νin
γ + νni
)
(φ′′ − k¯2φ) =
−F (ψ′′ − k¯2ψ) + F ′′ψ (7)
ψ = k¯Fφ+
1
S¯γτ¯Ai
(ψ′′ − k¯2ψ),
and τ¯Ai is the Alfve´n time calculated with the ion density
(still normalized to the sheet thickness a), γ is the tear-
ing growth rate associated with a mode with wave vector
k¯ = ka along the equilibrium magnetic field. The colli-
sion frequencies are calculated assuming binary elastic
(energy and momentum conservation) collisions between
electrons and neutrals so that νni =
nimi
nnmn
νin ⇒ νni <
νin at most heights in the solar atmosphere (see Tab.
1 in Singh et al. (2015)). Note that the opposite limit
νni ≫ νin leads to the standard tearing of a completely
ionized plasma. Following Zweibel (1989) we may rede-
fine a starred Alfve´n time and Lundquist number
τ¯Ai(1 +
νin
γ + νni
)1/2 := τ¯Aif
1/2
M → τ¯
∗
A, (8)
S¯∗ := S¯
τ¯Ai
τ¯∗A
. (9)
Note that when the growth rate is negligible compared
to both collision frequencies, the factor f
1/2
M becomes
f
1/2
M = (1 +
νin
νni
)1/2 = (1 +
ρn
ρi
)1/2 = (
ρ
ρi
)1/2, (10)
where ρ = ρi + ρn is the total mass density. In other
words, in this limit τ¯∗A = τ¯A, the Alfve´n time based on
the Alfve´n speed VAT calculated with the total (ion plus
neutral) mass density, and the Lundquist number S¯∗ also
reduces to the Lundquist number based on the Alfve´n
speed calculated with the total density.
In Zweibel (1989) the modified tearing mode analysis is
carried out only in the small ∆′ regime, see eqs. (2). Here
we analyze the tearing mode equations considering the
maximum growth rate of the tearing instability eq.(4),
because the fastest growing mode is the most relevant
in the context of triggering fast magnetic reconnection
in natural plasmas. Inserting τ¯∗A into eqs. (7), the latter
regain the exact standard form for the tearing mode with
the substitution of S¯τ¯Ai with S¯
∗τ¯∗A and γτ¯Ai with γτ¯
∗
A ,
so that from eq.(4) we have that γτ¯∗A follows the same
scaling with S¯∗ as in the standard tearing theory:
γτ¯∗A ∝ (S¯
∗)−1/2 ⇒ γτ¯Ai ∝ (S¯)
−1/2
(
τ¯Ai
τ¯∗A
)1/2
(11)
Following Zweibel 1989; Singh et al. 2019 we can define
three different regimes, ordered by the magnitude of the
growth rate relative to the neutral-ion and ion-neutral
collision frequencies:
1. Coupled regime γ ≪ νni ≪ νin: in this regime,
eq.(11) simply means that the fastest tearing mode
growth rate, normalized to the total density-based Alfve´n
time, scales in the standard way with the total density-
based Lundquist number, as we commented above. The
result may be written
γτ¯Ai ∼ S¯
−1/2
(
ρ
ρi
)
−1/4
. (12)
Table 1 in Singh et al. (2015) shows that the ratio ρn/ρi
can be up to 106 in some of the solar atmospheric
layers. For such cases of interest the dispersion relation
becomes γτ¯Ai ∼ S¯
−1/2
(
ρn
ρi
)
−1/4
.
2. Intermediate regime νni ≪ γ ≪ νin: ion neutral
collisions partly couple the ionized and neutral fluids,
introducing an effective, stabilizing viscous drag on the
plasma so that the growth rate is reduced, and
γτ¯Ai ∼ S¯
−1/2
(
νin
γ
)
−1/4
= S−1/2
(
νinτ¯Ai
γτ¯Ai
)
−1/4
, im-
plying γτ¯Ai ∼ S¯
−2/3 (νinτ¯Ai)
−1/3
. The reconnection rate
depends on the ratio between the ion-neutral collision
time and the Alfve´n time.
3. Uncoupled regime νni ≪ νin ≪ γ: the current
sheet is thin enough that the fastest growing tearing
mode on the ionic component is too fast for ions and
neutrals to communicate collisionally, so at lowest order
γτ¯∗A ∼ γτ¯Ai. Corrections of order νin/γ can be found.
From eq.(8), eq. (11) becomes:
γτ¯Ai ∝ S¯
−1/2
(
1 +
1
2
νin
γ
)
−1/2
∼ S¯−1/2
(
1−
1
4
νin
γ
)
where
νin
γ
:= ǫ≪ 1 and we neglected terms of order ǫ2,
leading to
γτ¯Ai ∝ S¯
−1/2
−
1
4
νinτ¯Ai. (13)
The discussion above is written in terms of a growth
rate that is a function of the plasma parameters, and so it
is not immediately clear how such parameters determine
the appropriate instability regime. This is clarified by
analyzing the 3 regime inequalities in a bit more detail.
The timescale condition of the coupled regimes γ ≪ νni
may be rendered explicitly using the growth rate calcu-
lated in Eq.(12), so that
S¯−1/2
(
ρ
ρi
)
−1/4
≪ νniτ¯Ai.
By writing out the explicit form of the Lundquist number
and timescales, this translates directly into a condition
on the current sheet thickness:
a≫ ac1 =
(
ηmVAT /ν
2
ni
)1/3
.
The critical thickness ac1 exists because of the new in-
trinsic timescale given by the neutral-ion collision time.
The timescale inequality of the intermediate regime
γ ≪ νin now translates into a second condition on the
current sheet thickness a≫ ac2 =
(
ηmVAi/ν
2
in
)1/3
.
The ratio of the two critical thicknesses is ac1/ac2 =
(ρn/ρi)
1/2. In other words, in order of decreasing current
sheet thickness, one transitions from the coupled into
the intermediate regime. If the current sheet is much
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thinner than ac2 one ends up in the decoupled regime,
where the tearing modes grows on the ionized component
timescales and Lundquist numbers, with the neutrals not
contributing in any way.
In the next subsection we describe the initiation of re-
connection within a framework of a dynamics driven by
the corresponding fast or Alfve´nic timescales, making use
of the results just obtained.
2.2. The Ideal Tearing mode in partial ionized plasmas.
Following Pucci and Velli (2014), we renormalize the
Alfve´n time and Lundquist number using a macroscopic
length scale of the system L in place of the equilibrium
magnetic field scale a, i.e. S := LvAi/η and τAi = L/vAi.
The same normalization holds for the Lundquist and
Alfve´n times based on the total (ion plus neutral den-
sity).
The three regimes discussed above may now lead
to different critical aspect ratios for the initiation of
a Lundquist-number and neutral to ionic density)
independent growth rate.
1. Coupled regime: The “ideal” tearing (IT) crite-
rion is applied to the growth rate and Lundquist number,
both normalized to the Alfve´n time based on the total
density. All quantities are rescaled from the thickness a
to the (macroscopic) length L.
Quantitatively:
S2(ρn/ρi)
−1 := PD,
a
L
∼ (PD)
−ζ (14)
⇒ (PD)
−1/4(PD)
3/2ζ
∼ O(1) (15)
yielding a critical aspect ratio scaling as
ac
L
∼ (PD)
−1/6= (S2(ρi/ρn))
−1/6 = (16)
S−1/3(ρn/ρi)
1/6,
where the subscript c indicates the critical current
sheet thickness (which must still be compared with the
intrinsic scales ac1,c2). For the solar atmosphere the
density dependence means the inverse aspect ratio can
be up to 10 times targer than the fully ionized IT critical
inverse aspect ratio (Singh et al. 2015). This regime is
attained only if ac ≫ ac1.
2. Intermediate regime: the IT criterion leads to
γτAi ∼ O(1)
γτAi ∼ S
−2/3
( a
L
)
−6/3
(νinτAi)
−1/3
∼ O(1) (17)
Defining
S2(νinτAi) := Pp,
a
L
∼ (Pp)
−ζ (18)
⇒ (Pp)
−1/3(Pp)
6/3ζ
∼ O(1) (19)
(20)
we obtain ζ = 1/6 meaning
ac
L
∼ (S2(νinτAi))
−1/6 = S−1/3(νinτAi)
−1/6 (21)
The dependence on the Lundquist number is the
same as the classical IT. The additional factor gives
a smaller critical inverse aspect ratio scaling than in
the fully ionized case. One may think of this as an
effective viscosity due to the ”sloshing” between ions
and neutrals on these timescales. Since we are in the
intermediate regime νin ≫ γ ≫ νni ⇒ νinτAi ≫ 1.
This shouldn’t actually come as a surprise, considering
τ¯∗A > τAi, see eq.(8). Still, as described by eq. (6),
if the electron-neutral collisions are high enough to
significantly lower the Lundquist number, the critical
aspect ratio could be actually higher, i.e. the presence
of the neutrals destabilizes larger sheets than the fully
ionized ones. Finally, note that the previously derived
intermediate regime inequality on the critical aspect
ratio thickness must still hold ac ≫ acr2.
3. Uncoupled regime: This regime holds when the
current sheet is very thin, and as we have seen above this
means that ac is much smaller than ac2. The corrections
to the standard IT tearing criterion depend only weakly
on the small values of νinτAi. The IT assumption γτAi ∼
O(1) so, in this regime fast reconnection is triggered with
the neutrals not really noticing.
2.3. The inner resistive layer.
The region around the neutral sheet, where the per-
turbations to the background field are significant, is the
inner resistive layer δ (see, e.g. Pucci et al. (2018)).
This parameter is particularly important because when
δ becomes of the order of the kinetic scales, kinetic
effects play a role in the reconnection dynamics (see
e.g. Terasawa (1983); Pucci et al. (2017)). In Zweibel
(1989) an estimation of δ is given and the dependence
on the ion-neutral collision frequency is recovered. In
our case the expression for the maximum growth rate
is given in eq. (4), where in the partial ionized case
δ/a ∼ S¯∗−1/4 = (τD/τ¯
∗
A)
−1/4 = S¯−1/4f
−1/8
M . Since fM
is invariant for the IT rescaling, the solution is the same
as for the classic IT with corrections depending on the
regime, δ/L = S−1/2f
−1/8
M . In particular, for the solar
atmosphere, in the decoupled regime, the additional fac-
tor (Singh and Krishan 2010) tells us the inner resistive
layer is slightly larger than in the fully ionized case so
that kinetic effects are less likely to kick in.
3. SUMMARY AND CONCLUSION
In this paper we have discussed the onset of fast
reconnection in partially ionized plasmas, considering
three species undergoing collisions: ions, electrons and
neutrals. The ionization degree depends on the relative
collision frequencies and we neglected the effect of
ionization and recombination. Assuming as in Zweibel
(1989) the interaction with neutrals occurs through
the ion-neutral collisions, we considered the combined
ion and neutral equation of motion and the magnetic
induction equation as the system describing the Tearing
instability of a generic equilibrium configuration. The
magnetic diffusivity is also implicitly modified due to
the additional collisions between neutrals and electrons.
Since we wanted to study the onset of fast magnetic
reconnection we derived the scalings for the Tearing
maximum growth rate for three different regimes:
coupled, intermediate and decoupled. We calculated
the inverse aspect ratio, for which the growth rate does
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not depend on the collision rates (and so the Lundquist
number).
In the coupled regime, the critical aspect ratio de-
pends on the ratio between the neutral density and
the ion density. The dependence is weak, however,
since ρn/ρi may be as large as 10
6 in the solar corona
(Singh and Krishan 2010), the critical current sheet
thickness can be up to 10 times larger than in the fully
ionized case.
In the intermediate regime, the scaling with the
Lundquist number remains the same as in the fully
ionized case. A dependence on νinτAi arises, which
causes the critical inverse aspect ratio to scale with a
correction that makes it appear to be smaller than in
the fully ionized case. However, the intrinsic thickness of
the sheet remains thicker than in the decoupled regime,
as shown by the inequalities between ac, ac1 and ac2.
In addition, the role of electron-neutral collisions may
significantly change the Lundquist number, resulting in
a destabilizing effect.
Finally, in the decoupled regime a small correction
(∝ νinτA) arises with respect to the fully ionized case.
This results in small corrections (factor < 10) to the
critical aspect ratio.
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